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(54) NOx concentrationHneasuring apparatus 

(57) Disdosed is a hK)x sensor (10) for measuring a^^ 
NOx concentration comprising a main punpmg ceA (28) 
and a detecting electrode (40). the main pumping cell \. 
(28) including an electrode (an inner pumping electrode \ 
(24) and an outer pumping electrode (26)) having no . 
decomposing/redudng atwiity for NOx or a kiw decom-.. 1,. 
postng/ireducing at)ilfty for NOx, to be used so that an . 1 
oxygen concentratioh in a measurement gas is control- I. 
led to have a predetermined value at which NO is not ,1.' 
substantially decomposat)le. and the detecting elec: / 
trode (40) having a certain decomposing/reducing ab'l- , 



.ity for NOx or a decomposing^recfcjcing ability for 
^.NOx. to be used so that NOx rs decomposed! to mees< 
ure the NOx concentration t>y measunrig an amount of 
oxygen produced during this process, wherein a cernriet 
electrode composed of,a Pt-Rh alloy and a ceramic 
^component is used as . the detecting electrode (40). 
^Accordingly.' it is possible to suppress the obodation of 
. Rh arid the reconveision into the rtietal contained \s\ the 
^ detecting electrode (40). stabilize the jrrpedance,.^^ 
; stabilize the sensitivity to NOx.; :zi'Az-/:*:x./^^ -: ;J J 
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. Description 

BACKGROUND OF THE INVEIVfTION 
ReW of the Invention: * 

[0001] Th present invention relates to a ^K)x concentration-measunng appara • 
for exanpte. alrnospheric sur and e)diaust gas ciischarged from veh^^ 

^ Description ofthe Related Art 

[0002] Converrtionally; those knowri as the method for measuring NOx in a measurement gas such as combustion- 
gas include a technique in which the NOx-reducing ability of Rh is utilized to use a sensor comprising a R electrode 
and an Rh elecb'ode formed on an oxygen ion-conductive solid electrolyte such as zrrconia so that an electromotive . 
' force generated between the both electrodes is measured. r , ^V.. ' 

[0003]- However, the sensor as described above suffers the following problem. That is, the electromotive force is 
greatly changed depen(£ng on the change In concentration of oxygen contained tn the combustion gas as the measure- 
ment gas. Moreover, the change in electromotive force is small with respect to the change In concentration of Wx. For 
' this reason, the conventional sensor tends to suffer influence of noise. . " ;* 

» [0004] Further, in order to bring out the NOx-redudng ability, it is indispensable to use a reducing gas such as CO. . 
For this reason, the anrtount of produced CO is generally smaller than the amount of produced NOx under a lean fuel 
combustion condition in which a targe arnourtt of NOx is produced. Therefore, the conventfonal sensor has a drawback , 
in that it is impossible to perform measurement for a combustion gas produced under such a combustion corrdtion. . 
[0005] In ord^ to solve the problems as described above, for example. Japanese t^ld-Open Patent Publication No. 
? 8-271476 discloses a NOx sensor comprising pumping electrodes having different NOx-decomposing abilities 
arranged in a first internal space which communicates with a measurement gas-existing space and in a second internal 
space which communicates with the first internal space, and a method for measuring the NOx concentration in which 
the 02 concerrtration is adjusted by using a first pumping cell^ananged ffi the first irtternal space, and NO is deconv 
posed by using a decomposing pumping cell arranged in the siecbnd intemal space so that the NOx concentratfon is 

30 measured on the t>asis of a punping current flowing through the decomposing pump. • * ^^>-r^>^'^^' ' ^^^.^'^'^--y;'-. 
[0006] Further, Japanese Laid-Open Patent Publication No. 9-11 3484 discloses a sensor element comprising an aux- 
iiiary pumping electrode arranged in a second internal space so that the oxygen concentratiori in the second internal \ 
space is controlled to be constant even when the oxygen concentration is suddenly changed.; . '"^'^^^ " ' 
[0007] A cermet electrode composied of Rh/Zr02 is used for the NOxnieoiin^^ electrode' as d^^ . 

35 When the cermet electrode composed of Rh/ZrOg is used for the NOx<iecpmposing electrode..a phendnienon has ' 
been observed. In which the sensitivity is lowered in accordance with tfie inaeaise in operating tinWr iHs pheriorhenoh 
is caused by the increase in impedance of the decomposing pumpng cell. When the NOx sensor element, in which the ; 
impedance has been increased, is otsserved. it has been found that the contact area is decreased t^etween the NOx- ^ 
decomposing electrode and the 2x02 substrate. In other words, it is postulated tttat the Increase in impedance is *' 

40 caused by the deaease in contact area between the NOx<lecomposirig electrode and the ZrOa substrate!' ^-^ ^^ v^^- '1 
[0008] It is postulated that the decrease in contact area between the NOx-deconriposing electrode and the ZrOa sub^" 
strata is caused by any change In volume, which is k)rought about by the oxidation (RhgOs) of the metal Rh contained 
in the NOx^ecomposing electrode arxi the reconversion of the oxidized product into ^e metal. 

45 SUMMARY OF THE INVENTION " . . \ 

[0009] The present invention has been made taking the foregoing problems into consideration, an object of which is 
to provide a NOx concernration-measuring apparatus which n«ikes it possible to suppress the oxidation of Rh and the 
reconversion into the metal contaned in a NOx-decomposing electrode, stabilize the impedance, and stabilize the 
so measurement sensitivity, \v: . . - - ■-•■i-- -j^ • 

[001 0] The presertt invention lies in a NOx concentration-measuring apparatus for measuring a NOx concentration, 
comprising an oxygen pump and a NOx-decomposing electrode! the oxygen pump including an electrode having no 
. decomposing/reducing ability for NOx or a low decomposmg/Tedudng ability for NOx. to be used so that an oxygen con- 
centration in a measurement gas is controlled to have a predetenrdried value at which NO is not substantially decom- 
55 posable. and the NOx-decomposing electrode having a certain decomposing/reducing ability for NOx or a high 
decomposing/reducing ability for NOx, to be used so that NOx is decomposed to m^sure the NOx concentration by 
measuring an amount of oxygen produced during this process, wherein a cermet electrode composed of a Pt-Rh alloy 
and a ceranrac component is used as the NOx-decomposing electrode 
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[001 1 ] The use of the cermet electrode composed of the Pt-Rh alloy and the ceramic component, as th NOx-d^xm- 
posing electrode suppresses the oxidation of Rh and the reconversion of the oxidized product into the metal contained 
in the NOx-decomposing electrode. Even when the operating time is increased, it is possible to avoid the occurrence of 
the increase in impedance which would be otherwise caused by the decrease in contact area between th NOx^iecom* * 
5 posing electrode and th substrate. That is. when th NOx concentration-measuring apparatus according to the present ^ 
invention is used, then the impedance is staiDilized, and it is possit)le to stabilize the measurement sensitivity as well. 
[0012] It is appropriate that a weight ratio of Rh in the F*t-Rh alloy contained in the NOx-decomposing electrode is 
more than 0 % by weight and not more than 90 % by weight -"^ . 

[0013] . Specifically, a ratio of Pt to Rh in the NOx-decomposing electrode is preferably Pt : Rh a 10 : 90 to 99 : 1 as 
represented by a weight ratio. It is especially desirable that the weight ratio of Pt in the Pt-Rh alloy contained in the NOx- 
decomposing electrode is not less than 25 % by weight, and Pt is not contained in an amount of 100 % by weight. It is ' ' 
more preferatjie that the ratio of Pt to Rh in the NOx-decomposing electrode is Pt : Rh = 25 : 75 to 75 : 25 as repre- ' 
sented by a waght ratio. ^ ... .. ...... . * 

[0014] The above and other objects, features, and advantages of the present invention will become more apparent ' ' 
15 from the following descrip&)n when taken in conjunction with the accompanying drawings in which a preferred embod- . ' 
inrientof the preserrt invention is shown by way of illustrative exarnple. " - ' . , ' ; ' 

BRIEF DESCRIPTION OF THE DRAWINGS. • - ' .t.-- >■ ■ ..-'■'^-■i.^ '^^-i] . ; - 

20 [0015] • '/■•*■ • ■ •■ ■ - .r " 

FIG. 1 shows an arrangemerit of a NOx sensor according to an enrttxxfimert of the preserrtinv^ion;*^^ ' • [^-^ 

FIG. 2 shows characteristics illustrating results of a first illustrative experiment (illustrative experimerrt to measure ^ ' 
the way of change in mass of alloys composed of Rh and R. in accordance with the increase in heat, by changing ; . 

25 the weight ratio of Rh and Pt): . --r^ : - ^ . ^ - ^'--^ - - 

FIG. 3 shows limiting curent characteristics obtained vpoa application of heating at 800 *C in tiie atmospheric air '^-^ 
in a second illustrative experimerrt; - • " • : f : ' *'vr; 

FIG. 4 shows limiting current characteristics obtained upon application of heating at 700 in the atmospheric air" '' '" 
in the second illistrative experiment: - ' \ - ' " ^ ^ 

30 FIG. 5A shows the change in impedarx^e with respect to the durable time in a third illustrative ©q^erimaTt:' ; V ■ 
FIG. 5B shows the change in NOx sensitivity with respect to the durable time in the third iiluistrative experiment and 
. F)G. 6 shows an arrangement ot a NOx sensor according to a modifted embodtrherrt of the pr^ient inventi^^^ r '-^'i 

DESCRIPTION OF TH^ PREFERRED EMBODIMENTS ' f--:.^:'-^^'^'^'^--'^.^ V^^. 

[OOt 6] Explanation will be made below with reference to FIGS. 1 to 6 for illustrative enrri^ the t40x cbriceh- 

tration-measunng apparatus according to the present inventioh (hereinaifter sinriply referred to as "NQxswsbf abbord- "j^^^;^^ 
ing to the emixxJimenT). . ' " "^^^ 

[0017] At first, as shown in FIG. 1 . a NOx sensor 1 0 according to the embodimanrt of the present invention comprises. 

40 for example, six stacked solid electrolyte layers 12a to 12f composed of c^amics based on the use of oxygen ion-con-''^>^^ 
ductive solid electrolytes such ais ZrOa- Fn^ and secorxJ layers from the tx>ttom aredesignated as first and second sub- ' 
strata layers 12a.- 12b respectively. Third and fifth layers from the bottom are designated as first and second spacer 
layers 1 2c. 1 2e respectively. Fourth arxj sixth layers from the bottbm'are designated as first and second solid electrolyte 
layers 1 2d. 12f respectively. ' - ^ "-v:-^ ''-^.^ - ■■'^:s)'..jr. r-: :5t*« > 

45 [0018] Specifically, the first spacer layer 12c is stacked on the second substrate layer I2tx The first soTid electrolyte 
layer 12d. the secorxi spacer layer 12e. and the secorxi solid electrolyte layer 12f are successively stacked on the first ; 
spacer layer 12c. • - rr^--^?-'.:^ ■ v--"'." .is: ■".-'^ -iir^r- . - ^^--'- '^ 

[0019] A space (ref^ericegas-introdudfig space) 14/into which a ref^ende g^^ ^ 
as a reference for measuring oxides is introduced, is formed between the second substrate layer 12b and the farst solid 

so electrolyte layer 1 2d. the space 1 4 being comparted by a lower surface of the first solid electrolyte layer i2d, an upper 
surface of the second substrate layer 12b, and side surfaces of the first spacer layer 12c. - ' ' " " ' 

[0020] The second spacer layer 12e is imerposed between the first and second solid electrolyte layers 12d/l2f. Rrst 
and second diffusion rate-determining sections 16. 18 are also interposed between the first and second solid electrolyte 
layers 12d. 12f. - - • . ; • . • . ^ ^ ^ 

55 [0021 ] A first chamber 20 for adjusting the partial pressure of oxygen in a measurement gas is forrned and comparted 
by a tower surface of the second solid electrolyte layer 1 2f. side surfaces of th first and second diffusion rate-determin- 
ing sections 1 6. 1 8, and an upper surface of th first solid electrolyte layer 1 2d. A second chamber 22 for finely ac^usting 
the partial pressure of oxygen in the measurement gas and measuring oxides, for example, nitrogen oxides (NOx) in 
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th measurement gas is formed and comparted by a lower surface of the second solid electrolyte layer 1 2f. a side sur- . 
face of the second diffusion rate-determining section 18, a side surface of the second spacer layer 12e, arxj an upper . 
surface of the first solid electrolyte layer 1 2d. : . , , - ^ ^ / • - . 

[00221 The ext rnal space communicates with the first chamber 20 via the Iffst diffusion rate^ietermining section 16. 
5 and the first chamber 20 communicates with th secoid chamber 22 via the second dffusionrate<!eterminlngsecti n 

[0023] The first and second diffusion rate-determining sections 16.18 give predetermined diffusion resistances to the 
measurement gas to be introduced into the first and second chanfibers 20, 22 respectiv ly. Each of the first and second 
diffusion rate-det rmtning sections 16, 18 can be formed as a passage composed of, for example, a porous material. 

10 or a small hole having a predetermined cross-sectional area so that the measurement gas may be introduced. 

[0024] Especially, a porous material. composed of, for example. Zr02 is charged and arranged in the secorxl diffusion . 
rate-determining section 1 8. The diffusion resistance of the second diffusion rate^etermining section 1 8 is made larger : 
than the diffusion resistance of the first diffusion rate-determining section 1 6. The diffusion resistance of me second dif- 
fusion rate<letermining section 18 is preferably larger than that of the first diffusion rate-determining section 16. How* 

15 ever, no problem occurs even when the former is srnaller than the latter. ; 

[0025] The atmosphere in the first chamber 20 is introduced into the second chamber 22 under the predetermined 
diffusion resistance via the second diflu^on rate-determining section 18. 

[0026] An inner pumping electrode 24 having a substantially rectangular planar configuration and composed of a 
porous cermet electrode (for example, a cermet electrode conrHX)sed of Pt • 2x02 containing 1 % by weight of Au) is 

20 formed on the entire lower surface portion for forming the first chamber 20, of the lower surlacQ of the second solid elec- " 
trolyte layer 12f. An outer pumping electrode 26 is formed on a portfon corresponding to the inner pumping electrode 
24, of the upper surface of the second solid electrolyte layer 12f. An electrochemical pumping cell, i.e.. a main pumping 
cell 28 is constructed by the inner pumping electrode 24. the outer pumping electrode 26, and the second solid electro- 
lyte layer 12finterpc»€d between the both electrodes 24, 26. , —.p • ; - 

25 [0027] A desired control voltage (pumping voltage) Vpi is applied between the inner pumping electrode 24 and the 
outer pumping electrode 26 of the man pumping cell 28 by the aid of an external variable power source 30 to allow a 
• pumping current lp1 to flow in a positive or negative cfirection between the outer pumping electrode 26 arxi Hhe inner 
pumping electrcxie 24. Thus, the oxygen in the atmosphere in the first chamber 20 can be pumped out to the external 
space, or the oxygen in the external space can be pumped into the first chamber 20. . ^ " - / : - 

30 [0028] A reference electrode 32 is formed on a lower surface portion exposed to the reference gas-irrtrodudng space 
. 14. of the lower surface of the first solid electrolyte layer 12d. An electrochemical sensor cell. i.e.. a controlling oxygen 
partial pressure-detecting ceil 34 is constructed by the inner punping electrode 24, the reference electrode 32, the sec- 
ond solid electrolyte layer 12f. the second spacer layer 126. and the first solid electrolyte layer 12d. 
[0029] The controlling oxygen partial pressure-detecting cell 34 is operated as follows. That is. an electromotive force 

36 is generated between the inner pumping electrode 24 and the reference electrode 32 on the basis of a difference in oxy- 
gen concentration between the atmosphere In the first chamber 20 ard the reference gas (atnttsphertc air) ir> the ref* 
erence gas-introducing space 14. The partial pressure of oxygen in the atmosphere in the first chamber 20 can be 
detected by using the electromotive fbrce. rr:i.:-"-^y -'^^'.:}.-:-j <s 

[0030] The detected value of the partial pressure of oxygen is used to feedt>ack-corTtrol the variable power source 30. . 

40 Specifically, the pumping action effected by the main pumping cell 28 is controlled by the aid of a feedback corrtrol sys-^ 
tern 36 so that the partial pressure of oxygen in the atmosphere in the first chamber 20 has a predetermined value 
which is suffidentiy low to control the partial pressure of oxygen in the second chamber 22 in the next step. . 
[0031] . The feedback control system 36 comprises a circuit to perform feedtsack corrtroi for the punping voltage Vpi 
between the outer pumping electrode 26 and the inner pumping electrode 24 so that the difference (detection voltage 

.45 V1 ) between the electric potential of the inner pumping electrode 24 arxl the electric potential of the reference electrode 
32 is at a predetermined voltage level. In this embodiment the inner pumping electrode 24 is grounded. ; '-'r ^ 
[0032] Therefore, the main pumping ceil 28 pumps okA or pumps in oxygen in an amount corresponding to the level 
of the pumping voltage Vpi . of the measurement gas introduced into the first chamber 20. The oxygen concentration 
in the first chamber 20 is subjected to feedback control to give a predetermined level by repeating the series of opera- 

50 tions desalbed above. In this state, the pumping current Ipl , which flows between the outer pumping electrode 26 and 
the inner pumping electrode 24. represents the differerx:e between the oxygen concentration in the measurement gas 
and the controlled oxygen concentration in the first chamber 20. The pumping current lp1 can be used to measure the 
oxygen concentration in the measurement gas. 

[0033] The porous cermet electrode, which constructs each of the inner pumping electrode 24 and the outer pumping 
55 electrode 26, is composed of a metal such as Pt and a ceramic such as ZrOa. It is necessary to use a material which 
has a weak reducing ability or no reducing ability with respect to the NO component in the measurement gas, for the 
inner pumping electrode 24 disposed in the first chamber 20 to nrtake contact with the measurennent gas. It is preferable 
that the inner pumping electrode 24 is composed of, for example, a compound having the perovskite structure such as 
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La3Cu04. a cermet comprising a c ramie and a metal such as Au having a low catalytic activity, or a cermet conprising 
a ceramic, a metal of the Pt group, and a metai such as Au having a low catalytic activity. When an alloy composed of 
Au and a metal of the Pt group is used as an elec^rod material, it is preferable to add Au in an amount of 0.03 to 35 % 
by volume of the errtire metal component ■ ' / ' ^ . ' " r. 

5 [0034] In the NOx sensor 1 0 according to this embodimerrt, a detecting electrode 40 having a substantially rectangu- 
lar planar configuration and corrposed of a porous cermet electrode is formed at a portion separated from the second 
diffusion rate-determining section 1 8, on an upper surface portion for forming the second chamber 22. of the upper sur- 
face of the first solid electrolyte layer 12d. An alumina film for constructing a third diffusion rate-determining section 42 
is formed to cover the detecting electrode 40. An electrochemical pumping cell, i.e.. a measuring pumping cell 44 is ■ 

10 constructed by the detecting electrode 40, the reference electrode 32. and the first solid electrolyte layer 1 2d. 

[0035] The detecting electrode 40 is composed of a porous cermet comprising zirconia as a ceramic and a metar^ 
capable of reducing NOx as the measurement gas component Accordingly, the detecting electrode 40 functions as a 
NOx-redudng catalyst for redudng NOx existing in the atnfK)sphere in the second chamber 22. Further, the oxygen in 
the atmosphere in the second chamber 22 can be pumped out to the reference gas-introdudng space 14 by applying 

IS a constant voltage Vp2 between the detecting electrode 40 and the reference electrode 32 by the aid of a DC power 
source 46. The pumping current Ip2, which is allowed to flow in accordance with the pumping action performed by the 
measuring pumping cell 44. is detected by an ammeter 48. Details of the detecting electrode 40 will be descnbed later 
on, . X • . •. ■ : • 

[00361 The constant voftage (DC) power source 46 can apply a voltage of a magnitude to give a limiting current to the 

2u purrping for oxygen produced during decomposition in the measuring pumping cell 44 urxler the inflow of NOx 
. restricted by the third diffusion rate-determining section 42! . " . ; ; - f \. > ^-zi 

[0037] On ti-ie otiier hand, an auxiliary pumping electrode 50 having a sutsstantiaily rectangular planar oxifiguration 
and composed of a porous cernnet electrode (for exanfple. a cermet electrode con^ 1 %by ^ 

weight of Au) is formed on the entire lower surface portion for forming tiie second chamber 22. of the lower surface of 

2S the second solid electrolyte layer 12f. An auxiliary efectrbchemtcal pumping cell, i.e.. an auxiUary pumping cell 52 is 
constructed by the auxiliary pumping electrode 50. tiie second solid electrolyte layer 12f. the secorxJ spacer layer i2e. ~ 
the first solid electrolyte layer 12d, and tiie reiference electrode 32* '-'-^ ■'■ ""-'^^''^.^f 

. [0038] The auxiliary pumping electrode 50 is based on the use of a'material having a weak redudng ability or no 
redudng ability with respect to the NO component corttained in the measurernent gas, in the same manner as the inner . 

30 pumping electrode 24 of the main pumping cell 28. In this embo(£ment, it is preferable that the auxiliary pumping elec- 
trode 50 is composed of, for example, a compound having the perovsWte sbxicture such as La3Cu04, a cermet com- 
prising a ceramic and a metal having a Ic^ catalytic activity such as Au. or a cerniet comprising a ceramic, a metal of 
the Pt group, and a metal having a low catalytic ^vrty such as Au. Further, when an alloy comprising Au and a metel ' 
of the Pt group is used as an electrode mateHriai. it is prelerable to acki in an arriount of 0.03 to 3^ % by >^uaie of 

35 the entire metal components. ' .' ' " ' ' . . r^'*«^^• ' ^ - - » ^- ^ ^^.^^^a-^-^. .^^ -^^^ 

[0039] A desired constant voltage Vp3 is applied between tiie reference electrode 32 and the auxiliary pumping eiec- ^ 
trode 50 of the auxiliary pumping cell 52 by the aid of an external DC power source 54. Thus, tfie oxygen in the atmos-; 
phere in ttie second chamber 22 can be punped out to the reference gas-introdudng ^jace 14. * " ' ^ ; 

[0040] Accordingly, the partial pressure of oxygen in the atrribsphei'e in the second chamber 22 is allowed to have a 

'40 loAf value of partial pressure of (»(ygen at which the measurement of tiie amount of the objec^iye conipoheint is not sub-'^ 
stantially affected, under the condition in which the measurement gas component (NOx) is not substantially reduced or 
decomposed. In this emtxxjiment, owing to the operation of the main pumping cell 28 for tiie first chan^r 20, the 
change in amount of oxygen int'oduced into the second chamber 22 is greatiy reduced as compared with tiie change 
in the measurement gas. Accordingly the partial pressure of oxygen in the second chamber 22 is accurately controlled 

4s to be constant. ^ ^ - '''-^ ' \ .C^^ 

[0041] Therefore, in the NOx sensor 10 acoxcfirig to^e erTt)odi^ of the present inivemidn constructed as 
desaibed above, the measurement gas. which has been contrQilled for the partial pressure of oxygen in the second 
chamber 22. is introduced into tiie detecting eledrode 40. ' ' ^ ' *; " " . : ' " ' / ' ' 1 . '.^ 
[0042] As shown in FIG. 1 , tiie NOx sensor 10 according to this embodiment ifurther comprises a heater 60 for gen- 

50 erating heat in accordance with electric power supply from the outside. The heater 60 is embedded iri a form of being ' 
vertically interposed between the first and second substrate layers 12a. 12b. The heater 60 is provided in order to 
increase the conductivity of oxygen ion. An insuiative layer 62 composed of alumina or the like is formed to cover upper 
and lower surfaces of tiie heater 60 so tiiat the heater 60 is electricaily insulated from the first and second sutsstrate 
layers 12a, 12b. * ' ' -n- . , . ^- • . . ^ - r . ■ ^'^<f.<..^», 

55 [0043] The heater 60 is arranged over the entire portion ranging from the first chamber 20 to ttie second chamber 22. 
Accordingly, each of the first chamber 20 and the second chamber 22 is heated to a predetermined temperatijre. Simul- ' 
taneousty. each of the main pumping ceil 28, the oontrotting oxygen partial pressure<ietecting cell 34. and the measur- 
ing pumping cell 44 is also heated to a predetermined temperature and maintained at that temperature. 
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[0044] Next, the operation of th NOx sensor 10 according to the embodiment of the present invention will be - 
explained. At first, the fonward end of the NOx sensor 10 is disposed in the external space. Accordingly, the measure- 
ment gas is introduced into the first chamber 20 under the predetermined diffu^on resistance via the first diffusion rate- 
determining section tS. The measureowt gas. wWd:\ has been introdu^ ... 

5 pumping action for oxygen, caused by applying the predetermined pumping voltage Vpl between the outer pumping 
electrode 26 and the inner pumping electrode 24 which construct the main pumping ceH 28, The partial pressure of oxy- . . 
gen is controlled to have a predetermined value, for example, 10'? atm. Th control ts performed by th aklofthefeed^ 
back control system 36. ' ^ , . 

[0045] The first diffusion rat -determining section 16 serves to limit the amount of diffusion and irrflow of oxygen in 
■ 10 the measurement gas into the measuring space (first chamber 20) when the pumping voltage Vp1 is applied.to the main • 
pumping cell 28 so that the current flowing through the main pumping cell 28 is suppressed. . - . 

[0046] In the first chamber 20, a state of partial pressure of oxygen is established, in which NOx in the atmosphere is • 
not reduced by the inner pumping electrode 24 in an environment of being heated by the external measurement gas 
and being heated by the heater 60. For example, a condition of partial pressure of oxygen is formed, in wfuch the reac^ 

IS tionof ■ • * * . ■*' ' '* ^ ;..:..* ■ ^. . . ^ .."r - S^- ,[ - - 

No-»iy2N2+i/202 : . ' ' ] ' : 

does not occur, because of the following reasoa That is. if NOx in the rneasurement gas (athiosphere) is reduced in 

20 the first chamber 20, it is impossible to accurately measure NOx in the second chamber 22 dsposed at the downstream .. 
stage. In this context, it is necessary to establish a condition in the first chamber 20 in which NOx is not reduced by the ' , . 
component which participates in reduction of NOx (in this case, the metal component of the inner pumping electrode 
24). Spedficatty. as described above, such a condition is achieved by using, for the inner pumping electrode 24. the . 
material having a low abflityto/educe NOx. for example, anally . .„ 1 . . ... . , , 

25 [0047] The gas in the first chanriber 20 is introduced into the second dfi^^ : . 

resistance via the second diffusion rate*determining section 18. The gas. which has been Introduced into the second 
chamber 22. is subjected to the pumping action for oxygen, caused by applying the voltage Vp3 between the reference 
electrode 32 and the auxiliary pumping electrode 50 which constitute the auxiiiary pumping cell 52 to rnake fine ^ust- 
ment so tf^t the partial pressure of oxygen has a constant and low value of partial pressure of oxygen. .r..,,.;;^ v,^. .^-c 

. 30 [0048] The second diffusion rate<letermining section 18 serves to limit the amount of diffusion and inflow of.^gen i: ' 
in the measurement gas into the measuring space (second chamber 22) when the voltage Vp3 is applied to the auxil- . ! 
iary pumping ceir52 so that the pumping current Ip3 flowing through the auxiliary pumping cell 52 is suppressed, in the 
same manner as performed by the first diffusion rate-determining section 16. .1. -.^^y 
[0049] The measurement gas. whic^ has been controlled for the partial pressure of oxygen in tiie second chamber, / ^ 

3S 22 as described .above, is introduced into the detecting electrode 40 under the predetermined diffusion resistance via ^ 
the thinictiffusfon rate-determining section 42, , _ , ^r: - .V: / v ^ ' < > 

[0050] . When it is intended to control the partial pressure of oxygen in the atmosphere in the first chan*^ 20 jo have ^ ,1 
a low value of the partial pressure of oxygen which does hot substantially affect the measurement of NOx. by^operating , 
the main purrping cell 28, in other words, when the pumping voltage Vpl of the variat)le power source 30 is adjusted ^^. ^ : 

40 by the aid of the feedback control system 36 so that the voltage V1 detected by the oxygen partial pressureKietecting 
cell 34 is constant if the oxygen concentration in the measurement gas greatly changes, for exanple^ in a range of 0 to 
20 %. then the respective partial pressures of oxygen in the atmosphere in tine second chiamber 22 and in the atnnos*^.r- . 
phere in the vicinity of the detecting electi'ode 40 slightly change in ordinary cases. This phenomenon is caused prbb- - i^. 
dkjiy because of the following reason. That is. when the oxyg^ concentration in the measurement gas increases, the . 
45 distribution of the oxygen concentration occurs in the widtiiwise direction and in the thid<ness direction in the first cham- 
ber 20. The distribution of the oxygen concentration changes.depending on the oxygen .concentration in the measure* ' - 
ment gas. ^ ....... v, • ^r.^ '.^/.^y^.^-- ^'.j. .... 

[0051] However, in the case of the NOx sensor 10 according to tiiis embodiment, the auxiliary pumping cell 52 is pro- :.V. I 
vided for the second chamber 22 sothattiie partial pressure of oxygen in its internal atinosphere always has a constant . 
50 low value of tiie partial pressure of oxygen. Accorcfingly. even when the partial pressure of oxygen in the atmosphere > ^. 
introduced from the first chamber 20 into the secorwl chamber 22 changes dep^ding on the oxygen concentration in , . 
the measurement gas. the partial pressure of oxygen in tiie atmosphere in the second chamber 22 can be always made . 
to have a constant low value, owing to the pumping action performed by the auxiliary pumping cell 52. As a result, the 
partial pressure of oxygen can be controlled to have.a low value at which the measurement of IMOx is not substantially . 
ss affected. . . . . . 

[0052] NOx in tiie measurement gas introduced into the detecting electrode 40 is reduced or decomposed around the 
detecting electrode 40. Thus, for example, a reaction of . 
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NO ->1/2N2 + 1/202 



is allowed to occur. In this process, a predetermined voltage Vp2. for example, 430 mV (700 •€) is applied between the 
detecting electrode 40 and the reference electrode 32 which construct the measuring pumping cell 44, in a direction to 
5 pump out the oxygen from th second chamber 22 to the reference gas-irttrodudng space 14. „ . 

tOOSS] Therefore, the pumping cun-ent Ip2 flowing through the measuring pumping cell 44 has a value which is pro- 
portional to a sum of the oxygen concentration in the atmosphere introduced Into the second chamber 22. i.e.. the oxy- 
gen ooncentratipn tn the second chamber 22 and the oxygen concentration produced by reduction or decomposiljon of 
NOx by the aid of the detecting electrode 40. 
w [0054] In this embodiment the oxygen concentration in the atmosphere in tfie second chamber 22 is confrolled to be 
constant by means of the auxiliary pumping cell 52. Accordingly, the pumping current !p2 flowing through the measuring 
pumping cell 44 Is proportional to the NOx concentratibn. The NOx concentration corresponds to the amount of diffu- 
sion of NOx limited by the third diffusion rate-determining section 42. Therefore, even when the oxygen concentration 
in the measurement gas greatly changes, it is possible to accurately measure the NOx concentration, based on the use 
IS of themeasuringpu(npingcell44bytheaidoftheanTmeter48. - ' . . 

[0055] According to the tact described above, almost all of the pumping cun-ent value Ip2 obtained by operating the 
measuring pumping ceil 44 represerrts the amount brought about by the reduction or decomposition of NOx. Accord- 
ingly, the obtained result does not depend on the oxygen concentration in the measurement gas. " * 
[0056] The detecting electrode 40. which is formed in the secorxl chamber 22, will now be described in detail below. 
20 For example, when a cermet electrode composed of Rh/Zr02 was used for the detecting electrode 40. a phenomenon 
was observed, in which the sensitivity was lowered in accordance witii the increase in operating time. / ^ 
[0057] This phenomenon was caused by the increase in impedance of the measuring pumping cell 44. When the NOx ■ 
sensor 10. in which the impedance had been inaeased, was observed, it was found that the contact area was 
decreased between the detecting electrode 40 and the first solid electrolyte layer 12d. In other words, it is postulated 
25 that the inaease in impedance is caused by the decrease in contact area between' the detecting electrode 40 and tiie 
first solid electrolyte layer 1 2d. ' : . f ~ : - - .v vr-v . , , . . :: - ^ :^ ^ ^ 
[0058] Accordingly, an experiment (convenierrtly refen-ed to as "first illustrative ©cperiment") was carried out in this 
experiment the way of change of the mass of the altoy composed of R and Rh depending on the increase in heat was 
measured tvy using a thermo-balance while changing tiie weight ratio between and Rh. OtJtained results are shown 
30 inFia2. :-^.v--'..- 
. [0069] In FIG. 2, a curve "a" represents a characteristic obtained for Pt/Rh s 0/100 % by weight. A curve 'b" repre- ' 
sents a characteristic obtained for Pt/Rh = 1 0/90 % by weight A curve "c" represents a'characteristic obtained fof Pt/Rh ' 
= 25/75 % by weight A cun/e "d" represents a characteristic obtained for Pt/Rh = 50/50 % by weight. A curve "e" rep- 
resents a characteristic obtained for Pt/Rh = 75J25 % by weight A curve T represents a chalracteristic^obtained lor 
35 Pt/Rh = 90/1 0 % by weight A curve "g* represents a characteristic obtained for Pt/Rh = 1 00/0 % by weight: -f^^' 
[0060] According to the experimental results shown in FK^. 2, theifoUGwing lad 

Pt/Rh a 0^ 00 % by weight, tiie increase in weight wWch is caused by oxidation of Rh (Rh203), is observed firorh about 
600 'C to about 1080 'C. The conversion into the metal is started "agairi from £dt)out 1080 'C, and the weight is 
decreased. The original weight is restored in the vidnity of about 1200 *C. ' ■ ' ' '^^::::>v y- • ^ 
40 [0061] Similarly, the following fact is understood That is, in the case of Pt/Rh =10/90 % by weight the inaease in 
weight which is caused l>y oxidation of Rh (RhgOa). is observed from about 700 "C to about 1020 **C. The conversion * 
into tiie metal is started again from about 1020 ^C. and the weight is decreased. The original weight is restored in the - 
vicinity of about 1140 •C. * / ■ fi^-v:::^^- 

[0062] The following Table 1 summarizes the range of tiie inaease in weight due to the oxidation as descrfoed above.*^ 
4S the rarige of the decrease in weigNduis to the reconversion trrtottiemek and the span of the change in weight ' ^^^ 



50 



55 







'T^el ■ ; ^V.; - r t 






Pt/Rh 


Terrperature range for increase 
in weight ' - ' ^ 


Temperature range for decrease 
' "\ / in weight * " ' 


Spari of change jn.weight 




0/100 wt% 


about 600 «C to about 1080 ''C 


about 1080 »C to about 1200 ""C 


about 9.5 mg 




10/90 wt% 


adDOut 700 *'C to about 1020 *C 


about 1020 "C to about 1 1 40/*C 


about 7.5 mg 




25/75 wt% 


about 800 to about 1000 X 


about 1000 *C to about 1 100 


about 5.0 mg 




50/50 virt% 


about 800 '•C to about 960 


about 960 *»C to about 1 070 •C 


about 3.5 mg 




75/25 v»rt% 


about 840 ''C to about 920 «C 


about 920 to about 1 000 "C 


about 1.0 mg 
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Table 1 (continued) 



Pt/Rh 


Temperature range for increase 
in wetgm 


Temperature range for deaease 

' in weigru 


Span of change in weight 


90/10 wt% 


no increase in weight 


no decrease in weight 


0 mg 


100/0 wt% 


no inaease rn weight 


about 600 «C to about 800 


about -1 mg 



[0063] Another illustrative experiment (conveniently referred to as "second illustrative experiment") was carried out. 
70 In this experiment Pt and Rh were contained in the detecting electrode 40 in the seven ratios of Pt/Rh described above . 

' to produce NOx sensors' 10 respectively. Limiting current characteristics were plotted for the seven types of NOx sen< 
- sors 10. FIG. 3 shows the limiting cunent characteristics obtained by applying the heating operation in the atmospheric . . 
air at 800 "C, FIG. 4 shows the limiting current characteristics obtained by applying the heating operation in the atmos- 
pheric air at 700 'C . , - " 
IS [0064] As for the characteristics shown in FIG. 3, an abnormal pumping current having a peak of about 20 mAflew in 
the NOx sensor 10 with Pt/Rh = 0/100 % by weight An abnomrtal pumping current having a peak of about 1 8 mA flew : . 
in the NOx sensor 1 0 with Pt/Rh = 1 0/90 % by weight An abnormal pumping current having a peak of about 1 5 mA flew 
in the NOx sensors 1 0 with Pt/Rh = 25/75 % by weight artd Pt/Rh » 50/50 % by weight respectively An abnormal pump- . . ^ 
ing current having a peak of about 4 mA flew in the NOx sensor 1 0 with Pl/Rh = 75/25 % by weight- — - 
20 [0065] That is. as shown in FIG. 3. when the heating operatiori was applied in the atmospheric air at 800 *C, the 
abnormal increase in pumping currerrt was observed at a rate corresponding to the rragnitude of the peak val 
increment of the weight shown in FIG. 2. When the heating operation was applied in the atmospheric air at 700 .*C» the ' 
abnormal increase in pumping current was observed only for the NOx sensor 10 having the detecting electrode 40 of - , 
Pt/Rh => 0/100 % by weight The abnormal increase in punrping current was not observed for the other NOx sensors 10. 
25 According to this fact, it is considered that the abnormal increase in pumping current shown in FIGS. 3 and 4 is the < v 
. increase caused by the punnping action for oxygen originating from the oxkle of Rh(Rh203), ^ 
. [0066] When the NOx sensor 1 0 is practically used, the element temperatire is usually set to be about 700 "C. There- • • - 

fore, for example, when the detecting electrode 40 is constructed by a cermet electrode of Rh » 1 00 % by weighit the 
• decrease in volume occurs due to the reconversion irrto the metal of Rh by the oxygen pumping effected by the detect- ^r^'^.. - 
30 ing electrode 40 during the operation of the sensor. Immediately after the operation of the sensor is stopped, the oxygen ; : 
pumping is stepped, but the element temperature Is still not less than 600 *'C, Therefore, the oxidation of Rh (RhaOa) >. - 
occurs, and the inaease in volume of Rh takes place. , . \ :. - . . - " .\v.^ ;;^-:.v 

[0067] The contact area between the detecting electrode 40 and the first solid electrolyte layer 12d is decreased by . 
the repetition of the series d the increase in volume and tfie deaease in volume. In such a situation, it is postulated that . r, '- 
.35 the irnpedance of the measurirtg pumping cell 44 is Inaeased, and the sensitivity to NC^ vr " . 

. [0068] A still another illustrative experiment (convenlentiy refenred to as "third illustrative experiment") wiil now be j ^y, 
■.- described. In the third illustrative experiment observation was macSe for the change in sensitivity to NOx upon practical 
* use of NOx sensors concerning Working Example and Comparative Example. In Working Example, the ratio of Pt/Rh .'. if 
contained in ttie detecting electrode 40 was 50/50 % by weight for the NOx sensor 10 according to the embodiment of j. 
40 the present invention. In Comparative Example, the ratio of Pt/Rh contained in tiie detecting electrode 40 was 0/1 00 % ,v i > 
by weight. Results of the third illustrative esxperiment are shown in FIGS. 5A and 5B. In these drawings, the character- 
istic obtained in Working Example is depicted by a soHd line, and tiie characteristic obtained in Cpmpafatiye Example 
is depicted l3y a broken line. C" -'*--: \'^'':^^''o^'-'r '-:,:\, 

[0069] According to tiie experimental results, the increase in impedance of the measuring punping cell 44 was v:y 
45 started from about 1800 hours in Comparative Example, and the decrease in sensitivity to NOx was observed in . , 
accordance witii the increase in impedance. On the other hand, in Working Example, no increase in impedance was 
observed even after the passage of 4000 hours, and no decrease in sensitivity to NOx was observed as well. 
[0070] As described above, in the NOx sensor 10 according to the embodiment of the present invention, tiie cermet ' . 
electrode, which is composed of the R-Rh alloy and. the ceramic component is used as tiie detecting electrode 40 for • 
so constructing tiie measuring pumping cell 44. Therefore, it is possifcjie to suppress the oxidation of Rh and the reconver- 
sfon into the metal contained in the detecting electrode 40. Even when the operating time of the NOx sensor 10 is 
increased, tiiere is no occunence of tiie increase in impedance which would be otherwise caused by the decrease in 
contact area between the detecting electrode 40 and the first solid electrolyte layer 12d. That is.' tiie NOx sensor 10 
according to the embodiment of tiie present invention makes it possible to stabilize the impedance arKl stabilize the 
55 measurement sensitivity. * ' 

[0071 ] As also understood from the experimental results described above, the ratio between Pt and Rh contained in 
the detecting electrode 40 is preferably, in weight ratio. Pt : Rh » io : 90 to 90 : 10. and more preferably Pt : Rh » 25 : . 
75to 75:25. 
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[0072] Next, a mocfified embodiment 10a of the NOx sensor 10 "according to the foregoing embodiment will be 
described with reference to FIG. 6. Compon nts or parts corresponding to those shown in FIG. 1 are designated by the 
same reference numerals. . ' : 

[0073] As shown in FIG. 6. a NOx sensor 10a according to the modified embodiment is constructed in approximately 
5 the same manner as the NOx sensor 10 according to the foregoing embodiment (see FIG. 1). However, the former is 
different from the latter in that a measuring cfxygen partial pressure-detecting cell 70 is provided in place of the meas- 
uring pumping cell 44. "'\ ' - :. - . . V ..^ . . 

[0074] The measuring oxygen partial pressure-detecting cell 70 cornprises a detecting electrode 72 fbnmed on an 

upper surface portion for fonning the second chamber 22, of the upper surface of the first solid electrolyte layer 1 2d, the 
10 reference electrode 32 formed on the lower surface of the first solid electrolyte layer 12d. and the first solid electrolyte 
layer 12d interposed between the both electrodes 72, 32. 

[0075] In this embedment an electromotive force (electromotive force of an oxygen concentration cell) V2 corre- 
sponding to the difference In oxygen concentration between the atmosphere around the detecting electrode 72 and the . 
atmosphere around the reference electrode 32 is generated between the reference electrode 32 and the detecting elec- 
• . 15 trade 72 of the measuring oxygen partial pressure-detecting ceil 70. 

[0076] Therefore, the partial pressure of oxygen in the atmosphere around the detecting electrode 72, in other words, 
the partial pressure of oxygen defined by oxygen produced by reduction or decomposition of the measurement gas 
component (NOx) is detected as a voltage value by measuring the electronrK)tive fore 
the detecting electrode 72 and ttie reference electrode 32 by using a voltmeter 74. 

20 [0077] Also in the NOx sensor 1 0a according to the modified embodiment the cermet electrode, which is composed 
of the R-Rh alloy arxi the ceramic component, is used as the detecting electrode 72 for constructing the measuring oxy- 
gen partial pressure-detecting cell 70. As a result it is possible to suppress the oxidation of Rh and the reconversion 
into the metal contained in the detecting electrode 72. Even when the operating time of the NOx sensor 10a is 
Increased, there is no occurrence of the increase in Impedance which would be otherwise caused by the decrease in 

25 contact area between the detecting electrode 72 and the first solid electrolyte layer 1 2d. That is. the NOx sensor 10a 
according to the modified embodiment also makes it possible to stabilize the impedance and stabilize the measurement 
sensitivity. . \ . • 

[0078] It is a matter of course that the NOx concentration-measuring apparatus according to the preserrt invention is 
. not limited to the embodiments described above, which may be embodied \n other various fornried without deviating 
3a from the gist or essential characteristics of the present invention. - 

[0079] As ©(plained above, according to NOx concerrtratiofvmeasuring apparatus concerning the preserrt invention, 
it is possible to suppress the oxidation of Rh ard the recorn/ersion into the metal c^ 
electrode, stabilize the inpedarce. and stabilize the measurenrierrt sensiti^^ ; 

[0080] Disclosed is a NOx sensor (10) for measuring a NOx concentration comprising a main pumping ceil (28) and 
35 a detecting electrode (40). the main pumping cell (28) including an electrode (an inner pumping electrode (24) and an ' 
outer pumping electrode (26)) having no decomposing/reducing ability for NOx or a low decomposing/reducing ability 
for NOx, to be used so that an oxygen concerrtration in a measuremerrt gas is controlled to have a predetermined value 
at which NO is not substantially decomposable, and the detecting electrode (40) having a certain decomposing/reduc> 
ing ability for NOx or a high deoomposing/lreducing ability for NOx. to be used so that NOx is decomposed to measure 
. 40 the NOx concentration by measuring an amount of oxygen produced during this process, wherein a cermet electrode 
conposed of a Pt-Rh alloy and a ceramic component is used as the detecting dectrode (40). Accordi 
to suppress tbe oxidation of Rh and the reconversion into the metal contained in the detecting electrode (40). stabilize 
, the impedance, and stabilize the sensitivity to NOx. . ^ . 

4S Claims 

1. A NOx concentration-rneasuring apparatus fa measuring a NOx concentration, comprising a^ 
and a NOx-deconrposing electrode (40): 

50 said oxygen pump (28) including an electrode having no decomposing/reducing ability for NOx or a low decom- 

posing/reducing ability for NOx. to be used so that an oxygen concentration in a measurement gas is controlled 
to have a predetermined value at which NO is not $ut)stantiaily decornposable; and 

said NOx-decomposing electrode (40) having a certain decomposing/reducing ability for NOx or a high decom- 
posing/reducing ability for NOx, to t>e used so that NOx is decomposed to measure said NOx concentration t)y 
; 55 measuring an amount of oxygen produced during this process, wherein: 

a cermet electrode composed of a Pt-Rh alloy and a ceramic component is used as said NOx-decomposing 
electrode (40), 
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2, The NOx concentration-measuring apparati^ according to daim 1 . wherein a weight ratio of Rh in said PVRh alloy : . . 
contained in said NOx-decompostng electrode (40) is more than 0 % by weight and not more than 90 % by , weight. . . 

3. The NOx concerTtration-measuringapparati^accorcfing to daim 2. wherein a ratio ^ • 
5 posing electrode (40) is R:Rh = 10 : 90 to 99 :1 as represented by a weight ratia 

4, The NOx concentration-measuring apparatus according t daim 2, wherein said weight ratio of Pt in said R-Rh 
alloy contained in said NOx-decompo^r^ electrode (40) is not less than 25 % by weight, and Pt is not contained in 
anamountof 100% by weight .'' \ \ ..... , 

10 .. ' ' . . . ... • , ' • . ■ ' 

5. The NOx concentration-measuring apparatus according to claim 4, wherein a ratio of Pt to Rh in said NOx-decom- 
posing electrode (40) is Pt:Rh« 25: 75 to 75 : 25 as represented by a weight ratia . r 
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